Abstract. In recent years, the Nanpu Sag in the Bohai Bay Basin in eastern
Introduction
Oil and gas reservoirs are formed only when there are effective hydrocarbon source rocks. For a long time, hydrocarbon source rocks have been evaluated by collecting rock and rock debris and gathering information on organic carbon content, kerogen type and maturity, and molecular geochemistry. Then a set of evaluation indexes and methods established provide an important reference and support for oil and gas exploration [1] [2] [3] [4] [5] [6] [7] [8] [9] . In recent years, with the discovery of the heterogeneity of hydrocarbon source rocks in lacustrine basins [10] [11] [12] [13] [14] [15] , and development of the concept of high-quality hydrocarbon source rocks [16] [17] [18] , the above method cannot reflect the contribution or influence of strata of high-or low-abundant organic matter, even more, it leads to wrong conclusions. In some oil and gas basins, no good cores of hydrocarbon source rock can be obtained due to the restrictions of drilling and coring, which implies great challenges to the evaluation of hydrocarbon source rocks. Due to the lack of good samples of hydrocarbon source rocks from the Nanpu Sag in the Bohai Bay Basin, the past evaluation considered the sag's potential for oil and gas resources to be unpromising. In addition, previous studies have evaluated the Es 3 source rock as a whole [19] [20] , but this study also deals with its sub-sections and finds that oil and gas come mainly from the Es 3 4 source rock, whose discovery is of importance for planning next-step exploration and finding deep tight sandstones interbedded with this source rock.
Oil and gas geology in the Nanpu Sag
The Nanpu Sag, located in the northeast of the Huanghua Depression, Bohai Bay Basin, China, represents a syndepositional rift valley fault sag (Fig. 1) . The favorable exploration area is approximately 1932 km 2 , including 570 km 2 land and 1362 km 2 beach [21] . The Nanpu Sag is a typical dustpanlike sag with the characteristics of north broken and south overlap in the Tertiary [22] . The sag interior is divided into the southern and northern zones by the Gaoliu fault. The southern zone is the depositional center of the Shahejie Formation where the Liuzan and Gaoshangpu drape anticlinal structures and the Shichang sub-sag have been developed and is the main oil-bearing zone of the Shahejie Formation. The southern zone is the depositional center of the Dongying Formation. The Laoyemiao and Beipu reverse drag anticlines have been developed in the footwall of the Xinanzhuang fault; the structural belts of Nanpu I, Nanpu II, Nanpu III, Nanpu IV and Nanpu V have been developed in the beach area. Two negative structural units of the Linque and Liunan sub-sags have been developed, from west to east, in the central area and are also important hydrocarbon-generating centers (Fig. 1) . The Lower Tertiary Minghuazhen, Guantao, Dongying and Shahejie formations are important petroleum-bearing formations [23] .
The Nanpu Sag is a mature area in terms of exploration. In recent years, a number of large petroliferous structures and traps have been discovered by in-depth exploration, and a great breakthrough has been achieved in the beach area where the large Nanpu oilfied has a resource of a billion tons. So, Fig. 1 . The tectonic map of and oil-gas distribution in the Nanpu Sag.
it is needed for petroleum geologists to further study the generation and accumulation of oil and gas in the Bohai Bay Basin. It is noteworthy that the values of TOC in source rocks that were used in the past resource evaluations are generally low [24] and greatly differ from the lower TOC value of effective source rocks in the Bohai Bay Basin. So far, effective and excellent source rocks have not been identified. In fact, few wells have been drilled in deep depressions in the Nanpu Sag, coring wells are even fewer, and wells from which the Shahejie Formation mudstone is obtained are almost next to nothing. In the evaluation of source rocks, the parameters of mudstones obtained from the coring wells in the margin of the sag served as features of source rocks of the whole sag. As a result, it appeared that earlier estimated reserves exceeded resources. Combining the latest data on exploration in the oilfield, this paper examines the Tertiary source rocks in the Nanpu Sag, observes and analyzes all the cores, and finds that multiple source rocks have been developed in the sag, with Es 3 4 as a major source rock. In combination of geology and geochemistry, this paper discusses the characteristics and mechanism of formation of the Es 3 4 source rock and points out its geological significance.
Sample collection and analysis
Due to rare drilling and coring, the parameters of the mudstone from coring wells in the sag's margin were used to evaluate hydrocarbon source rocks of the sag. In the past resource evaluations, the adopted TOC values of rocks in the Nanpu Sag were low (most actual measured data were low), about 0.8-1.2%. However, in the Bohai Bay Basin as a whole, the lower value of TOC of effective hydrocarbon source rocks is over 1.0%, amounting to 1.5%. So, a contradictory situation occurs that the earlier estimated reserves exceed the calculated resources.
The organic carbon content, pyrolysis parameters, kerogen composition, vitrinite reflectance, and isotope composition of the source rock and oil were determined and GC-MS performed in the National Key Laboratory of PetroChina Research Institute of Petroleum Exploration and Development. All the samples were analyzed using conventional methods, the analysis standards met international standards.
Geochemical characteristics

Lithological association and geochemical characteristics of hydrocarbon source rocks in the Paleogene Shahejie Formation
The Paleogene Shahejie Formation is the most important sedimentary association and hydrocarbon source rock developing stratum [25] [26] [27] . During the sedimentary evolution process, the lake basin was broad and water deep and lacustrine mudstones were most developed in Es 3 . This was the most important period in the development of high-quality hydrocarbon source rocks, and exhibits strong reflections in seismic response. According to lithological features, Es 3 can be divided into five submembers, Es 3 5 , Es 3 4 , Es 3 3 , Es 3 2 , Es 3 1 from bottom to top (Fig. 2) . Of them, Es 3 4 contains widely spread mudstones and oil shale, which are the best hydrocarbon source rocks discovered in this study, followed by Es 3 3 and other submembers. Es 1 , the first Member of the Shahejie Formation, developed lacustrine deposition, which provides a good geological background for formation of hydrocarbon source rocks. The Dongying Formation developed dark grey mudstones, which are also good hydrocarbon source rocks. The hydrocarbon-generating system composed of many sets of hydrocarbon source rocks are the foundation for the enrichment of hydrocarbons in the Nanpu Sag.
Geochemical characteristics and distribution of high-quality hydrocarbon source rocks in Es 3 4
Es 3 4 is a set of high-quality hydrocarbon source layers where TOCs are mostly more than 2%, and some are over 8% (Table 1 ). This set of hydrocarbon source rocks has a well-developed lamellar structure (Fig. 3) . These rocks developed in the deepest water at the most well developed stage of the lake, and are also called a "condensed section" in the study of continental sequence stratigraphy. This means that they are characterized by low deposition rate, and fine grains, corresponding to the largest undercompensation sedimentation, and the lake has the largest accommodation space. This set of high-quality hydrocarbon source rocks have a light mass, are rich in crude oil, and have a chocolate color and a high content of organic matter [25] . They can be burnt, with emission of heavy smoke and a scent of asphalt (Fig. 3) . The rocks are composed of layers of fine-grained calcite and clay enriched in organic matter. The clay layers are mainly composed of organic matter, clay minerals (illites are over 95%), quartz, feldspars, ankerite, pyrite, etc., and the horizontal layers show the characteristics of standing water sedimentation. Of kerogen macerals and soluble organic matter, the abundant amorphous body and algae are important sources of organic matter (Fig. 3) .
The formation of laminated high-quality hydrocarbon source rocks of Es 3 4 is closely related to the stratification of lake water. The difference in water temperature between the lake surface and bottom could cause the formation of thermocline, and the separation of the lake water caused the seasonal division of water density, so the suspended fine-grained sediments were deposited with seasonal changes [28] [29] [30] [31] [32] [33] [34] . The lamellation of the deep lacustrine oil shale represents a seasonal deposition process. By cores observation, the oil shale is lack of benthic fossil and has terrigenous clastics, preserved fish fossils and pyrites. These characteristics and geochemical analysis suggest that the bottom water of the lake had a strong reducing condition without oxygen during the formation of oil shale, which results from the stratification of water. A microscopic observation reveals stratified fossilized algae whose outbreak and sedimentation are an important reason for the development of the organic lamina. Overall, the hydrocarbon source rocks are dominantly floating algae in the Nanpu Sag. Photosynthesis, respiration and decomposition of algae can affect the concentrations of oxygen and carbon dioxide in some complex ways. The intensity of this effect is controlled by algal colony, while algal colony is controlled by nutrition, light, temperature and salinity. After the death of the algae, the debris is preserved in the bottom of the lake and the calcium and magnesium in the algae debris are released to form magnesium carbonate. Thus, the formation of organic and carbonate laminae is related to plankton. The outbreak of algae can enhance the formation of high-organic oil shale. The kerogen is mainly sapropel and is composed of types II 1 and I (Fig. 4) , and the cloud misty, cottony, crumble amorphism degraded by aquatic low algae are over 80%, associated with large quantities of globular pyrite. There is a low content of fine crushing or small flake terrestrial detritus of higher plants. The content of the biomarker, such as tricyclene, gammacerane and oleanane, is low, suggesting a freshwater sedimentary environment with a minor input of continental source.
There are strong reflections in the geophysical response and logging parameters have good response. The value of apparent resistibility is high, and the value of apparent density is low. It is easy to track, identify and evaluate.
The thickness of effective source rocks is over 100 m (TOC > 2.0%), being about 250 m in the center of the Nanpu Sag (TOC > 2 %). The thickness of high-quality hydrocarbon source rocks is over 100 m (TOC 2-5%) and they are widely distributed (Fig. 5) . The rocks are one of the most important hydrocarbon source rocks in the Nanpu area, their formation potential is tremendous. Fig. 4 . The kerogen type of high-quality hydrocarbon source rocks in Es 3 4 . Atomic H/C versus O/C diagram based on elemental analysis of kerogen can be used to describe the type of organic matter in source rocks.
The extent of thermal evolution of source rocks in the Nanpu Sag is one of the highest in the Shahejie Formation of the Bohai Bay Basin. The burial bottom depth of Es 3 in the Nanpu Sag is about 5800-6400 m (Fig. 6) . The authors obtained a great number of black mudstone samples of various source rock strata, analyzed their vitrinite reflectance, and also collected analytic data about predecessors. The source rocks in the deepest depression are over-matured and the vitrinite reflectance (R o ) is already over 1.0% (Fig. 7) . In addition, the rapid sedimentation speed leads to the high extent of thermal evolution of source rocks. The expulsive efficiency of mature source rocks of Es 3 is over 80% [23] .
Biomarker characteristics of Es 3 4 source rock
The Es 3 4 dark brown oil shale is one of the best source rocks in the Nanpu Sag, with foliation developed, and is composed mainly of dark organic and light calcareous laminae. The seasonal fluctuation of lake water and the corresponding bloom of phytoplankton are the main reasons for the formation of the laminae. The shale is rich in algae and fish fossils, suggesting that it was formed in a deep-lake oxygen-poor environment. Limited by coring conditions, this study takes the oil shale from well G19-10 well as an example. The biomarkers of steranes and terpanes in the Es 3 4 source rock have the following characteristics (Fig. 8) . Tricyclic terpanes are low, tricyclic terpanes of low carbon number have a normal distribution, C 21 or C 23 is the main peak, C 26 /C 25 tricyclic terpanes are mostly above 1.0 typical of lake source rock, tricyclic terpanes of high carbon number (C 28 or C 29 ) are of a relatively high content, gammaceranes are underdeveloped with a ratio of gammacerane to C 30 H less than 0.04. Ts/Tm is approximately 1.0; C 29 Ts and C 30 rearranged hopanes and normoretanes have a relatively low content; oleananes are even lower and can not be observed. The distribution of regular steranes is dominately C 27 and C 29 steranes with the ααα-20R configuration, with a low content of C 28 regular steranes. Regular steranes are distributed in a "V" shape, the content of C 27 steranes is slightly higher than that of C 29 steranes, similarly to source rocks in other strata. The difference is that rearranged steranes are underdeveloped, with a ratio of rearranged to regular steranes about 0.2 ( Table 2 ). 4-melhyl steranes are highly developed, equivalent in content to C 29 steranes (Fig. 8) .
The m/z 231 mass chromatogram of saturated hydrocarbons in the Es 3 4 source rock shows that the distribution of C 28 -C 30 methyl steranes is significantly different from that in other source rocks (Fig. 8) . C 28 and C 30 methyl steranes are abundant, while C 29 methyl steranes are relatively low in abundance. Among C 30 methyl steranes, 4α-methyl and 24-ethyl C 30 steranes are the most abundant, being significantly more abundant than dinosteranes and 3β-methyl and 24-ethyl C 30 sterane. In summary, there are source rocks with highly abundant organic matter, good kerogen type, a high degree of thermal evolution and hydrocarbongenerating as well as expulsive efficiency, and of great thickness and wide distribution in Es 3 in the Nanpu Sag. The potential of source rocks is tremendous. In the Es 3 4 source rock, 4-methyl steranes are abundant, the presence of C 30 methyl steranes is an important feature, which distinguishes this source rock from other rocks.
Component content and isotopic chararacteristics
The carbon isotopes of kerogen in the Es 3 4 source rock are distributed in the range of -26 to -27‰, the carbon isotopes of saturated hydrocarbons are mostly around -28‰. The carbon isotopes of aromatic hydrocarbons are predominantly in the range of -26 to -27‰, but the carbon isotopes of nonhydrcarbons and bitumen vary greatly. Compared to the carbon isotopes of kerogen, the carbon isotopes of crude oil in the Es 3 4 source rock are generally lower by 1 to 2‰, and are prevailingly distributed in the range of -27.2 to -28.9‰. The carbon isotopes of saturated hydrocarbons are mainly in the range of -27.3 to -30.0‰, being mostly from -27.3 to -28.9‰. The carbon isotopes of aromatic hydrocarbons mainly range from -26 to -27.9‰, the carbon isotopes of non-hydrcarbons vary from -24.8 to -26.7‰, and the carbon isotopes of bitumen from -25.3 to -26.9‰ (Table 3) . 
Conclusions
Highly abundant hydrocarbon source rocks are developed in Es 3 4 in the Nanpu Sag, the TOCs are above 5%. This set of mudstones in Es 3 4 was formed at the main rift stage, and is of wide distribution and great thickness. The thickness of effective hydrocarbon source rocks is about 250 m (TOC > 1.0%), while that of high-quality hydrocarbon source rocks is over 100 m (TOC 2-5%). The vitrinite reflectance (R o ) is above 0.8%. The amorphous mass and algae are an important source of the organic matter of source rocks. The kerogens are of I and II 1 types. The highly organic laminar structure was developed during the period of algae outbreak. The analysis of biomarkers and isotopes in the Es 3 4 source rocks and oil suggests that the rocks have a high content of 4-methyl steranes and developed C 30 methyl steranes, which distinguishes them from the other source rocks.
